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bstract
Adhesion properties of polymer coatings on metals are of great interest in various industrial applications, including packaging of food and
rinks. Particular interest is focused on polymer–metal interfaces that are subjected to significant deformations during manufacturing process. In
his work steel samples laminated with polyethylene terephthalate (PET) were subjected to uniaxial tensile deformations followed by annealing
reatments. The measurements have demonstrated degradation of adhesion of the metal–polymer interface as the strain introduced by the deformation
ncreased. Moreover, it was observed that within the geometry used in the experiments tensile deformations of the metal substrate introduced in-plane
ompressive stresses in the bulk of the coating. After applying a thermal treatment restoration of the adhesion has been achieved.
Laser induced delamination technique was used to monitor the adhesion properties. In this technique a coating is subjected to a series of infrared
aser pulses with a stepwise increase of intensity. Upon increasing the laser pulse intensity, the pressure which is formed inside the blisters reaches a
ritical value, resulting in further delamination of the coating. To process the experimental data an elastic model was developed. From the analysis
f the experimental data the critical stresses required for the delamination and the practical work of adhesion are derived. The model accounts for
he compressive in-plane stress present in the coating of the deformed samples.
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. Introduction
In many industrial applications metal substrates coated with
polymer film are subjected to significant mechanical defor-
ations, which cause degradation of adhesion properties of the
olymer–metal interface. Various physical processes triggered
y deformations can potentially influence the adhesion prop-
rties. For example, a tensile deformation of a metal substrate
ill introduce in-plane stresses in the polymer coating and may
lter the actual contact area. Further, deformation increases the
oughness of the metal surface in contact with the polymer coat-
ng and may lead to delamination of the adherent layer. The
nfluence of the interface roughness due to plastic deformation
f the metal substrate on the work of adhesion and on the inter-
ace energy with a glassy polymer is numerically studied in
ef. [1]. By performing a finite element analysis (FEA) it was
∗ Corresponding author. Tel.: +31 503634902; fax: +31 503634881.
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emonstrated that the interface energy decreases until the strain
t yield of the polymer coating. After yielding as the polymer
tarts to soften macroscopically, the decreasing average stress
evels result in a partial recovery of the interface energy at the
nterface. At higher strains, when macroscopic hardening devel-
ps the recovery of the interface stops and the interface energy
ecreases. In another study, FEA code and a simple beam the-
ry were applied to analyze the changes in the interfacial strain
nergy release rate in the double cantilever beam (DCB) speci-
ens caused by in-plane residual stresses [2]. The origin of the
n-plane residual stresses in this case was the mismatch in ther-
al expansion coefficients between the polymer and the metal
ubstrate. Both analytical solutions and FEM numerical simula-
ions showed that the residual-stress-induced energy release rate
s always higher for compressive residual stress than for tensile
esidual stress.Currently various measuring techniques aimed at testing
dhesion of polymer–metal interfaces are available [3,4]. How-
ver, not many experimental studies are reported in literature in
hich the effect of deformation on the adhesion of the interface
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s considered. In the experimental study reported in Ref. [5]
ffects of tensile deformation on adhesion were directly mea-
ured from the difference in the load versus elongation curves
etween metal-film/substrate and pure substrate structures. This
ethod has been applied to study Cu(Cr)/polyimide structures.
Deformation of a metal substrate also introduces in-plane
tresses in the polymer film. Such stresses can weaken the
olymer–metal interface and in the extreme case can lead to
pontaneous delamination. Effect of in-plane stresses on adhe-
ion has been extensively covered in literature, although in most
ases the origin of the in-plane stress is of a different nature
6,7]. Similar to deformation of a substrate, in-planes stresses
an be introduced in a coating due to a mismatch in thermal
xpansion coefficients between the polymer and the metal sub-
trate. Thus in-plane residual stresses of thermal origin were
easured with the curvature based techniques [8–11], double
antilever test [2,12–14] and other less common experimental
ethods [15–17]. High compressive stresses are also found in
oatings deposited on various substrates. In many cases these
ompressive stresses cause delamination and buckling of the
lm. In Ref. [18] the buckling instability condition was utilized
or quantitative characterization of the adhesion of a carbon ion
eam deposited layer on a quartz substrate.
In this work laser induced delamination technique was used
o investigate the effect of a tensile deformation on the adhesion
roperties of the PET-steel interface. In this method nanosec-
nd infrared laser pulses are used to form initial blisters at the
olymer–metal interface [19]. Upon increasing the laser pulse
ntensity, the pressure which is formed inside the blisters reaches
critical value, resulting in further delamination of the coat-
ng. From the shape of the blister the adhesion properties of the
nterface are evaluated. Laser induced delamination test does
ot require any special sample preparation, which makes this
ethod very suitable for monitoring the changes in the adhesion
roperties of the interface as the deformation of the specimen
rogresses.
To process the experimental data a simple elastic model was
eveloped and presented in earlier publications [19,20]. Using
his model the critical stresses required for delamination and the
ractical work of adhesion were derived. To account for possible
lastic deformation and to validate the analytic model computer
imulations using finite elements analysis with a mixed mode
ohesive zone were carried out [20]. A fair agreement between
he stress fields calculated with FEA code and those predicted
y the elastic model has been demonstrated.
This elastic model, however does not account for the in-plane
tresses which can be present in the polymer film. In order to ana-
yze the experimental data obtained on the deformed samples,
hen the in-plane stresses could not be neglected, the model
as revised. The revised version of the model is presented in
ection 2 of this work.
The experimental results reported in this work include a
tudy on the adhesion properties of polyethylene terephthalate
PET)—interstitial free (IF) steel interface subjected to tensile
eformation followed by annealing. The evolution of the prac-




wig. 1. Schematic representation of the geometry of the experiment. The orien-
ation of the blisters with respect to the direction of the tensile deformation of
he metal substrate is shown.
. Theoretical model
Standard thin plate model based on the Kirchhoff assump-
ions [21] does not consider any stretching or compression in
he mid-plane of the coating. Only bending of the mid-plane
ontributes to the strain energy. Such assumption is not correct
f in-plane stresses are present in the film that arise by deforma-
ion or thermal treatment. The model presented below describes
he formation of a blister at the polymer–metal interface in the
resence of a compressive mid-plane stress. As will be shown in
ection 3, only this kind of mid-plane stresses are expected in
he samples used in the measurements. To facilitate the measur-
ng procedure the blisters were formed in a cylindrical shape.
s demonstrated in Fig. 1, the orientation of the blisters was
hosen in such a way, that the cylindrical axis of the blister is
erpendicular to the direction of the mid-plane stress.
A cylindrical blister aligned along the y-axis can be described
s a thin plate clamped along the boundaries parallel to the y-
xis (see Fig. 1). The governing equation for deflection w of a
late under normal uniform pressure p in 2D in presence of the










here D = Et3/12(1 − ν2) is the flexural rigidity, E is the modu-
us of elasticity, ν the Poisson’s ratio and t is the film thickness.
he blisters are overpressurized and the pressure excess over the
tmospheric pressure patm is denoted by p. Then the absolute
ressure inside the blister is pabs = patm + p. The second term in
he right-hand part of Eq. (1) accounts for the compressive stress.
his contribution is weighted with the second derivative of the
eflection which is the bending curvature of the film. This cur-
ature determines the projection of the mid-plane stresses onto
he vertical direction (z-axis), which contribute to the bending of
he film. In case of tensile mid-plane stresses this term appears
ith a positive sign.Clamped, or built-in, boundary conditionsre used:
= 0, w′ = 0, at x = −a
2
and x = a
2
, (2)





























































polymer do not exceed the yield stress of the polymer [20].
Therefore, the contribution of the plastic deformations is only
limited to the crack tip area. The film stops to delaminate when
the total energy release rate is equal to the practical work ofig. 2. Blister profiles calculated for the cases of a compressive mid-plane stress
σr = 1 MPa), zero mid-plane stress, and tensile mid-plane stress (σr = 1 MPa).
ET film thickness is 30m and the blister overpressure is p = 0.3 × 105 Pa.
here a is the dimension of the blister along the x-axis. The
































n the limiting case of γ → 0, Eq. (3) converges to the earlier











n Fig. 2 three blister profiles are compared: (1) in the presence
f 1 MPa mid-plane compressive stress Eq. (3); (2) zero mid-
lane stress Eq. (6); (3) in the presence of 1 MPa mid-plane
ensile stress. It is demonstrated that compressive stresses make
he blister higher, while tensile stresses make the blister lower.
In practice blisters have a finite length. It is convenient to
ntroduce the blister length b, measured in the y-direction. The
olume of the blister is obtained by integrating Eq. (3):

















ote that in reality the blister is also clamped at the bound-
ries y = 0 and y= b. However, if b a the error introduced is
egligible.
The elastic strain energy has two contributions: bending
nergy Ub and strain energy stored in compression of the mid-
a
b
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he strain of the mid-plane can be written as follows [22]:
= εσ + (1/2)(w′)2. The first term represents the original com-
ression of the film due to the stress σmp. The deflections of the
lm considered in this work are small and far from the buckling
ondition. Therefore, neither bending nor delamination relieves
his stress, and we assume that the strain energy associated with
his term does not change during delamination. The second term,
owever affects the blister height and the strain energy associ-
ted with this term should be included in the energy balance


























he condition for delamination has the following form:
(dF + dU + δA) ≥ G dS. (13)
he left-hand part presents the total (or global) energy release
ate, which includes the following terms: dF = −(patm + p) dV
s the decrease of the Helmholtz free energy of the gas inside
he blister, dU = dUb + dUmp is the strain energy release rate,
hich includes two contributions: bending of the blister cap
nd the mid-plain compression, and δA = patm dV is the work
roduced against the outside pressure patm. G is the practical
ork of adhesion and dS = b× da is the delaminated area. The
easured practical work of adhesion G comprises the thermody-
amic work of adhesion and the irreversible plastic dissipation
art. It has been previously demonstrated that in the laser induced
elamination test the stress fields introduced in the bulk of thedhesion. Further in the paper no distinction is made between
oth of these concepts.
During delamination the blister volume increases and assum-
ng that the amount of gas inside the blister stays constant









































































tig. 3. Blister overpressure required to delaminate the PET film (30m) for the
ndicated values of the work of adhesion as a function of mid-plane compressive
tress.
patm + p)V = const., the blister overpressure p drops:
∂p
∂a












































he sum of two contributions to the strain energy are denoted
s U = Ub + Ump (and q = qb + qmp). Combining Eqs. (13), (15)
nd (16) the final expression for the practical work of adhesion
n terms of the functions f, q and their derivatives in respect to









t should be noted that the total energy release rate has two driv-
ng forces for delamination: gas pressure inside the blister and
he compressive mid-plane stress (or, to be correct, its projection
nto the z-axis). This statement is demonstrated in Fig. 3. In this
gure the overpressure required to delaminate the coating which
s characterized with the indicated work of adhesion, decreases
f the mid-plane compression stress increases.
. Experimental method
In the laser induced delamination technique presented in Ref.
19] a coating under study is subjected to a series of laser pulses
ith stepwise increase of intensity. Every shot is carried out
hrough a mask resulting in a formation of a cylindrically shaped
lister. Such geometry is chosen to facilitate the measuring pro-
edure of the blister profile. Upon increasing the laser pulse
ntensity, the pressure inside the blister reaches the critical value,
esulting in further delamination. The measured blister profiles
a
g
sic Coatings 58 (2007) 180–186 183
re fitted to the model presented below in order to calculate the
tresses in the film and the practical work of adhesion. In some
xperiments by means of a different mask two parallel cylindri-
ally shaped blisters are formed. The strip of film between the
listers is not exposed to the laser irradiation and delaminates
nly when the pressure inside the blisters reaches the critical
alue.
In the experiments we used the infrared Nd:YAG laser
L303HT from EXPLA with the maximum pulse energy of
00 mJ and 5 ns pulse duration. The blister profiles were mea-
ured with the stylus Perthometer S2 from Mahr. Samples under
tudy were obtained from CORUS and presented 30m layer of
ET on interstitial free steel substrate. There was a few nanome-
ers chromium-oxide layer between the steel and the polymer.
lister profiles were measured with the stylus profiler Perthome-
er S2 from Mahr.
Tensile deformation of the samples was carried out with the
aterial testing system MTS 810. Anneals of the samples were
erformed out in a hot air oven.
. Experimental results and discussion
The objective of this experimental study is to investigate the
nfluence of tensile deformation and subsequent annealing on the
dhesion properties of the polymer–metal interface. First the ref-
rence samples were measured to obtain the original value of the
ractical work of adhesion. The results are presented in Fig. 4.
he axes of the plot are the blister width a and the height H.
very contour line represents the critical blister dimensions at
hich delamination of an interface characterized by the indi-
ated practical work of adhesion (in J/m2) takes place. The
ritical dimensions are calculated with Eq. (17), with zero mid-
lane stress (γ → 0). As the intensity of the laser pulse increases
blister height H and width a, follow the following trend. At
ow intensities, when no delamination occurs, the width of the
lister is constant and is equal to the image of the opening in the
ask projected on a sample. The height of the blister gradually
ncreases with the intensity of the laser beam. As the laser inten-
ity increases the pressure inside the blisters rises and eventually
he condition for delamination is satisfied. Both the blister width
nd the height increase following one of the contour lines given
y Eq. (17). The blister dimensions obtained from the profile
easurements on the reference sample are shown with the closed
ircles. Most of the data points covering a wide range of blister
idths are bound between two contour lines corresponding to 2
nd 3 J/m2.
The tensile samples for mechanical testing were cut with a
aser. To control if the heating of the sample during the laser
utting affected the adhesion, one tensile sample after the laser
utting was measured before being deformed. The data points
re shown with the open circles in Fig. 4 and demonstrate that
he cutting procedure did not affect the adhesion properties of
he interface.The samples were subjected to tensile deformations with 5%
nd 10% strain. The schematic representation of the experiment
eometry is given in Fig. 1. The deformation of the metal sub-
trate is described by plane stress condition. Full relaxation of
184 A.V. Fedorov et al. / Progress in Organic Coatings 58 (2007) 180–186
Fig. 4. Contour lines of constant work of adhesion are defined by Eq. (17). These lines present the blister critical dimensions, height and width, at which delamination
















































The results are presented in Fig. 6. It is demonstrated that the
practical work of adhesion decreases as the deformation of the
samples progresses. The compressive mid-plane stress defined
for each sample is indicated.gure corresponds to the case when 5 MPa compressive stress acts perpendicu
ndeformed samples; right: the sample subjected to 5% strain tensile deformati
train in the metal substrate in the direction perpendicular to the
irection of applied stress is accompanied by only partial strain
elaxation in the polymer film, because of the two orders of
agnitude difference in the Young’s modulus. Therefore, defor-
ation of the polymer film is closer to plain strain condition.
he blisters were oriented with their cylindrical axis parallel to
he applied stress. Thus the tensile deformation of the sample
esulted in a compressive mid-plane stress, making the blisters
igher as compared to those of the reference sample. For the sake
f comparison future work will also include the formation of the
listers in the direction perpendicular to the direction of applied
tress, which will result in a tensile mid-plane stress, making the
listers smaller. Both cases are demonstrated in Fig. 2.
In order to calculate the practical work of adhesion according
o Eq (17), one needs to know the compressive mid-plane stress
mp. The following procedure was used to define this stress. First
y using the reference sample it was estimated how much gas
s generated inside the blister at different laser pulse intensities.
he amount of gas is calculated as (patm + p)V, where Eqs. (5)
nd (7) were used to determine the blister pressure p and volume
, respectively. It was assumed that no mid-plane stress is present
n the undeformed sample (γ → 0). The results are presented in
ig. 5 with open circles and demonstrate a linear dependence.
f the same procedure is carried out for the deformed samples,
he data points appear higher than those for the reference sam-
le, as shown by closed circles for the 5% deformed sample. In
ll experiments, however, the laser pulse intensity was varied
ith the same step, and we assume that the same amount of gas
as generated inside the blisters of the reference and deformed
amples. The offset observed for the deformed sample is due to
resence of the mid-plane compressive stress. By adjusting the
alue of the mid-plane compressive stress σmp the offset can be
emoved as shown in Fig. 5. The amount of gas generated per
aser shot for the deformed sample is now more in accordance





(the blister cylindrical axis. Experimental data is presented by symbols. Left:
he compressive mid-plane stress σmp for this sample is 5 MPa.
n Fig. 4 the contour lines of constant practical work of adhesion
re calculated with Eq. (17), for the case of the deformed sample
5% strain) with the obtained value of the compressive stress.
rom the comparison of this contour plot to the one in Fig. 4
or the reference, i.e. not deformed sample, one can observe that
he lines are shifted to higher values of the blister heights. This
hift is more pronounced as the compressive mid-plane stress
ncreases. The same procedure was used to calculate the mid-
lane stresses and the practical work of adhesion for all samples,
ubjected to tensile deformation and subsequent annealing.ig. 5. Amount of gas generated inside the blisters as a function of the laser
ulse intensity. Calculations carried out for the reference (not deformed) sample
re shown with open circles and demonstrate a linear dependency. Closed circles
nd crosses represent the amounts of gas in the blisters for the deformed sample
5% strain) calculated with σmp = 0 and σmp = 5 MPa, respectively.



















































Rig. 6. Practical work of adhesion (or total energy release rate) measured for the
eference sample and deformed samples (5% and 10% strain). The corresponding
ompressive in-plane stress used in the calculations is indicated.
As it has been mentioned, in the deformed samples there
re two driving forces responsible for delamination: generated
as pressure inside the blisters and the mid-plane compressive
tress. Gas pressure is introduced by the testing method while
he compressive mid-plane stress already exists in the coat-
ng. This compressive stress makes the adhesion of the coating
eaker. As shown in Fig. 3 one needs less gas in the blister
o delaminate the coating in presence of a compressive stress,
ven if the value of the practical work of adhesion G does not
hange. In the extreme case, the compressive stress can lead to a
pontaneous delamination and buckling. The measured decrease
n the practical work of adhesion demonstrated in Fig. 6 is
elated to the weakening of the interface and has apparently a
ifferent nature: i.e. an increase of the roughness of the metal sur-
ace in contact with the polymer, degradation of the chromium
xide layer, which covered the steel surface prior to the
eformation.
After deformation the tensile samples were annealed at 50 ◦C
or 30 min and at 100 ◦C for 10 min in hot air. It was intended to
nneal the samples at temperatures below and above the glass
ig. 7. Practical work of adhesion (or total energy release rate) measured for the
eformed samples (5% and 10% strain) after anneals: 50 ◦C 30 min and 100 ◦C
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ransition temperature Tg, which in case of PET is 70–75 ◦C.
he results are presented in Fig. 7. In all cases a recovery in the
dhesion strength is observed. In the case of 5% deformation
ull recovery of the practical work of adhesion is attained. The
ompressive mid-plane stress has also decreased. In the case of
0% deformation the recovery of the adhesion is not complete.
n the near future more research is planned to obtain a more
n-depth understanding of the physical mechanisms responsible
or the observed changes in the adhesion.
. Conclusions
In this work the effect of tensile deformation followed by
hermal annealing on the adhesion properties of polymer–metal
nterface was studied. The samples presented steel substrate lam-
nated with polyethylene terephthalate. The measurements have
emonstrated a decrease of the practical work of adhesion mea-
ured on the deformed samples. Moreover, within the geometry
sed in the experiments, tensile deformations of the metal sub-
trate were shown to introduce in-plane compressive stresses in
he bulk of the coating. After applying the thermal treatment a
estoration of the adhesion properties has been observed. The
dhesion of the interface was monitored with the laser induced
elamination technique. To process the experimental data an
lastic model was developed. The model accounted for the in-
lanes stresses present in the coating.
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